We report a net inward, up-gradient turbulent particle flux in a cylindrical plasma when collisional drift waves generate a sufficiently strong sheared azimuthal flow that drives positive (negative) density fluctuations up (down) the background density gradient, resulting in a steepening of the mean density gradient. The results show the existence of a saturation mechanism for driftturbulence driven sheared flows that can cause up-gradient particle transport and density profile steepening. V C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4921671] Up-gradient transport processes play a critical role in maintaining non-equilibrium conditions across a wide-range of systems. For example, in eukaryote cells, transport of Na þ /K þ ions across the cell membrane occurs via the hydrolysis of the ATPase molecule that releases chemical potential energy, which drives a molecular motor that then does work on the Na þ /K þ ions and moves them across the membrane up their concentration gradient. 1 In open fluid thermodynamic systems that are driven out of equilibrium by heat input, up-gradient transport can occur as in, e.g., the convective planetary boundary layer 2 and in carefully constructed experimental systems. 3 In magnetically confined plasmas, up-gradient transport mechanisms have been invoked to explain the observed time-averaged plasma density and temperature profiles in astrophysical and near-Earth space plasmas [4] [5] [6] [7] [8] [9] and in controlled fusion confinement experiments. [10] [11] [12] [13] [14] [15] For fusion systems, inferred transport fluxes are often decomposed into an inward-directed turbulent pinch and down-gradient diffusive transport components (both of which are attributed to a combination of density and temperature gradients) that then compete to form the plasma equilibrium. In a few cases, direct measurements of net inward turbulent particle fluxes have been reported during or shortly after the formation of transport barriers associated with the formation of a suitably strong E Â B shear layer [16] [17] [18] [19] or during the application of an externally forced E Â B shear flow. 20 However, the cause of the net inward flux in these latter works was never identified, nor has velocity shear ever been considered as a possible mechanism to drive inward pinches in confinement experiments. In this paper, we show that net inward, up-gradient turbulent particle fluxes in a magnetized plasma are caused by the radially sheared azimuthal flow which drives the turbulent flux up the gradient.
Our previous studies have shown that at moderate magnetic fields the plasma develops coherent, finite amplitude collisional drift wave fluctuations in the region around the density gradient maximum. As the magnetic field is increased further, the plasma develops two velocity shear layers that sit on either side of the density gradient maximum. 21, 22 At the outer shear layer, the turbulent stress does work on and sustains the shear flow against dissipation, consistent with earlier results [23] [24] [25] [26] [27] [28] [29] [30] and under some conditions, in the region between the maximum density gradient and outer shear layer, a net inward flux is observed. 21 The critical new finding reported here is the identification of the role that velocity shear plays in driving this upgradient transport. In particular, we find that when and where this up-gradient flux occurs, the sheared flow does work on the fluctuations that are responsible for the up-gradient flux. The bulk (80%) of the up-gradient flux is carried by large amplitude (exceeding one standard deviation) positive (negative) density perturbations that move up (down) the density gradient. Correlation studies show that a transient increase (decrease) in the shear flow results in a subsequent increase (decrease) in the inward flux, demonstrating the causal relationship between flow shear and up-gradient flux. Finally, when the up-gradient flux occurs, the time-averaged density profile steepens. It is particularly remarkable that these observations are made in a simple plasma system described by the Hasegawa-Wakatani model of the drift turbulencezonal flow system. Clearly then drift turbulence not only can generate a sheared flow that acts to regulate the rate of crossfield transport, 31 but under some conditions the shear flow can be a source of turbulence that surprisingly can cause an up-gradient particle flux that enhances the density gradient. Thereby a new feedback loop is formed in the regulation of time-averaged density and velocity gradients by the coupled drift turbulence-sheared flow system.
This experiment was carried out on the upgraded CSDX linear helicon plasma device, which is 2.8 m long operating with 1.8 kW rf power input and a gas fill pressure of 3.2 mTorr. A high-speed (210 526 frames/s) camera is placed at the end of the machine to capture the dynamics of propagating structures seen in the plasma visible light emission. 21, 32 Measurements of mean plasma profiles and the fluctuating density, potential, and the resulting turbulent particle flux are made by an 18-tip Langmuir probe and a 4-tip Langmuir probe at two axial port positions separated by 75 cm. Details about the layouts of the two probes can be found in Refs. 33 and 34. Both probe systems have shown similar experimental results and, in particular, shown similar inward fluxes.
Radially resolved profiles with 1 mm spatial resolution/ 100 ms duration time averages for several different magnetic fields are shown in Fig. 1 . Heat input from the RF source sustains a centrally peaked plasma density [ Fig. 1(a) ] and electron temperature profile 21 (not shown here). The density profile becomes steeper at r ¼ 2.5 cm as we increase the magnetic field to 1200 G. Fig. 1(b) shows the radial profiles of the time-averaged azimuthal velocity computed using a time-delay estimate (TDE) technique applied to imaging data. A radially sheared azimuthal flow in the ion diamagnetic drift direction is observed near the center of the plasma for r < 2 cm (denoted as the inner shear layer) and another azimuthally symmetric sheared flow (denoted the outer shear layer) in the electron drift direction located at r $ 6 cm develops as we increase the magnetic field. The density gradient maximum is located between the two shear layers, and the flow approximates solid body rotation in that the azimuthal velocity increases linearly with distance. The onset of fluctuation-driven net inward (i.e., up the density gradient) particle flux hñṼ r i [ Fig. 1 (c)] starts when both the strength of the outer shear layer becomes sufficiently strong (B ! 1100 G) and the inner shear layer begins to develop. This steepening is to be expected since the total particle loss rate due to radial transport is comparable to loss of particles due to parallel plasma flow to the ends of the device. Therefore, the up-gradient particle transport must be driven by some new mechanism that drives the fluctuations against the gradient; the shear flow naturally then emerges as a possible candidate.
In order to determine if there is a link between the shear flow and up-gradient flux, we examine the rate of work done on the flow by the turbulence, which is given by the Reynolds work À @hṼ rṼ h i @r h V h i. Here, a positive value of Reynolds work indicates that the fluctuations are driving the shear flow, while a negative value shows the fluctuations are extracting kinetic energy from the flow. An examination of the radial profile of the Reynolds work provides a key insight into the origin of the inward particle flux. As shown in Fig.  1(d) , at the outer shear layer region 5 < r < 6.5 cm, the fluctuations do work on the shear flow and sustain it against dissipation as shown in earlier work. 23, 35 For B > 1100 G, in the region 3 < r < 5 cm where the inward turbulent particle flux is observed the Reynolds work is negative, indicating that here the shear flow is driving the higher frequency fluctuations. Thus, the up-gradient flux occurs when and where the shear flow drives the fluctuations.
This inward flux is also observed with other diagnostics. In Fig. 2(a) , we plot the cross-correlation coefficient computed between the Langmuir probe ion saturation current I sat and the camera fluctuating visible light intensity I c . The results show that CorrðI sat ; I c Þ reaches values as large as 0.75 with a zero delay time. Thus, the light intensity fluctuations are associated with plasma density fluctuations. Motivated by this fact, we have taken time-resolved movies of the motion of turbulent density perturbations (archived in Ref. 21) to identify turbulent structure motion over a sequence of frames. This motion can then be used to construct a velocity field and streamlines associated with the turbulent light intensity structure motion (essentially equivalent to the motion of turbulent density structures). The results [ Fig. 2(b) ] reveal that at B ¼ 1000 G, positive density structures anywhere in the plasma cross-section tend to spiral radially outward and move azimuthally in the electron diamagnetic drift direction. The net result is an outward flux of light intensity (and thus of density) across the plasma column. In contrast, the velocity field at B ¼ 1300 G [Fig. 2(c) ] shows a very different behavior. We find that streamlines launched from the region exhibiting a net inward particle flux (blue dot in Fig. 2(c) ) spiral inwards. This inward motion stops at a closed surface located at r $ 2 cm, forming an effective barrier through which the fluctuations do not penetrate [ Fig. 2(c) ]. At radii r > 4-5 cm, the velocity field is dominated by radial-azimuthal outward spirals, indicative of outward transport that is consistent with the observations of outward particle flux in the outer region of the plasma as seen in the probe data. To further confirm this inward particle transport, we plot the corresponding intensity flux hĨ cṼ r i from the movies for B ¼ 1000 G and 1300 G [ Fig. 2(d) ].
Here, I c denotes the deviation of the instantaneous light intensity from the time-averaged value at a given location, and V r denotes the radial component of the fluctuating velocity of this light intensity fluctuation inferred from the velocimetry analysis described above. The result ( Fig. 2(d) ) shows that the radial flux of the fluctuating light intensity-which is proportional to the radial particle flux-exhibits the same inward flux phenomena found above in the Langmuir probe measurements at B ¼ 1300 G. Thus, two independent diagnostic measurements confirm the existence of an inward flux at $1300 G. We note that at lower magnetic fields, the probe and imaging do not show a strong agreement. This might be due to the finite k k of drift waves which dominate the fluctuations at 1000 G, and the fact that there is a Kelvin-Helmholtz Reynolds work À @hṼ rṼ h i @r h V h i. (c) and (d) show the data from the 18-tip probe, which is only available for r > 2 cm since the probe tips start arcing and overheat when they get too close to the core plasma.
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Since the camera integrates the light intensity over a depth-of-field of dz $ 10 cm. At the lower magnetic field, the helical nature of the fluctuations will then cause them to be partially blurred, which will in turn begin to cause difficulties with inferring the intensity flux hĨ cṼ r i. However, this conjecture needs to be explored in future work. Regardless of this issue, it is clear that for 1300 G conditions, two independent diagnostic techniques see the development of an inward particle flux and the mean density gradient steepens in response to this inward flux.
Further insight can be obtained by performing a conditional average analysis of the probe data. When the instantaneous fluctuating positive density excursionñ exceeds one standard deviation r n at time s, a positive density fluctuation event is considered to have been triggered. Similarly, negative density fluctuation events are identified when a negative density excursion exceeding one negative standard deviation -r n occurs. We record the fluctuating azimuthal electric field of each event, and then compute the radial profile of the average effective radial E Â B propagation velocity V ef f r for both positive and negative fluctuation events. The results are shown in Fig. 3(b) for B ¼ 1300 G. We observe across the region of 3 < r < 5 cm that positive density fluctuations propagate inwards, against the density gradient, while negative density fluctuations propagate outwards, down the density gradient. In this region, the total net fluctuation-driven particle flux [red dashed line in Fig.  3(c) ] is negative where the shear flow drives the fluctuations [ Fig. 3(a) ]. This structure motion is opposite to the expectation for blob/hole dynamics associated with density gradient relaxation. 36 The flux carried by density fluctuations with amplitudes larger than one standard deviation is $80% of the total fluctuation-driven flux [ Fig. 3(c) ]. Clearly then the inward flux is associated with some different driving force that affects the dynamics of turbulent structures in the intermediate region.
The above results show a correlation between the shear flow and the inward particle flux. To test if there is a causal link between flow shear and inward flux, we compute the cross-correlation between fluctuations in the shearing rate and particle flux, Corr ð V 0 h ; C particle Þ, at r ¼ 4.8 cm, which is the outermost region of up-gradient flux. Here, the time varying instantaneous shearing rate is determined by time-delay estimation analysis of the same probe data used to find the particle flux. The result [ Fig. 4(a) ] shows that the velocity shearing rate and particle flux do have a significant correlation (peak correlation of $0.4, well above the noise level of $0.1) with a finite time delay ($18 ls). The width of the 4. B ¼ 1300 G: (a) Cross-correlation between azimuthal velocity shearing rate and turbulent particle flux at r ¼ 4.8 cm. An increase in azimuthal shearing rate leads to a subsequent increase in the inward turbulent particle flux $18 ls later. (b) Total net kinetic energy transfer rate T u ðf Þ at r ¼ 4.5 cm (red dashed line) and r ¼ 6 cm (black solid line). Here, a negative value of T u means that frequency f is losing energy and a positive value means that it is gaining energy. envelope of correlation function, which corresponds to the decorrelation time of the flow, is about 0.3 ms that consistent with the time-scale of the fluctuations associated with the up-gradient particle flux. These results clearly indicate that a transient increase in the local azimuthal shearing rate is followed by a subsequent increase in the inward-directed fluctuation-driven particle flux, demonstrating that a causal relationship exists between the velocity shear and upgradient particle flux.
We can gain additional insight into the relationship between the fluctuations responsible for the inward flux and the shear flow by examining the nonlinear transfer of kinetic energy in the frequency domain. From the frequency-resolved flux C turb profiles, 37 we observe that both the inward flux at r ¼ 4.5 cm and outward flux at r ¼ 6 cm are due primarily to fluctuations at frequency f $ 5 kHz. We then calculate the net nonlinear kinetic energy transfer T u ðf Þ ¼ P
andũ f denotes the Fourier-transformed fluctuating E Â B velocity estimated from the probe array. A positive (negative) value for T u ðf Þ indicates the kinetic energy is being nonlinearly transferred into (out of) the frequency f via interactions across a range of frequencies f 1 . A detailed discussion of the probe arrays used for this measurement and the interpretation of the results is available in the literature. 34 Examining T u ðf Þ [ Fig.  4(b) ], we find that at r ¼ 6 cm, where the shearing rate is largest, the low-frequency flows are gaining energy from the higher frequency fluctuations, consistent with the expectations for a turbulence-driven zonal flow. However, at r ¼ 4.5 cm, where the net particle flux is negative, the f $ 5 kHz fluctuations which are responsible for the inward particle flux are gaining energy from the low frequency (f < 1-2 kHz) sheared flow. This provides yet an additional piece of evidence linking the shear flow to the generation of the inward, up-gradient particle flux.
The experimental findings listed above can be summarized with the schematic shown in Fig. 5 . The black portion of the schematic presents the classic paradigm of drift wavezonal flow turbulence energetics and saturation. 35 A mean density gradient rn can drive collisional drift wave turbulence that causes an outward turbulent particle flux, which flattens the density gradient. A finite turbulence-driven Reynolds stress in turn can amplify the shear flow by doing positive Reynolds work on it. This results in a feedback loop that leads to down-gradient turbulent flux and shear flow saturation set by the linear drive associated with the free energy source, the high-k dissipation rate of the turbulence, and the (presumably linear) damping rate of the shear flow. The results here show that, at least under some conditions, a new feedback loop can develop as shown by the red portion of Fig. 5 . In particular, the results indicate that the sheared flow rv can perform work on the fluctuations (presumably by some to-be-identified shear layer-turbulent structure interaction). A similar picture of an anomalous shear flow damping was presented in Ref. 35 and was also found in gyrokinetic simulations. 38 Surprisingly, our results show that this then can lead to an up-gradient particle flux which steepens the density gradient. As a result, the system becomes selfregulated by diffusive outward particle transport caused by drift wave turbulence and non-diffusive inward particle transport driven by flow.
It is of course well known that a background flow shear with an inflection point can act as a free-energy source of fluctuations via the linear Kelvin-Helmholtz (KH) instability. 11 Therefore, one is tempted to invoke a simple localized linear KH instability. However, two observations weigh against interpreting the up-gradient flux in terms of a simple local linear KH. First, the region of localized linear KH instability (r > 5.5 cm) lies outside the region of up-gradient flux. 21 Second, we have shown that the fluctuations responsible for the up-gradient flux are nonlinearly driven by the shear flow. In particular, this nonlinear drive occurs as a result of the phase coherence between variations in the shearing rate, the radial-azimuthal motion of turbulent structures, and the density fluctuations. Otherwise the cross-bispectrum [ Fig. 4(b) ] and the correlation [ Fig. 4(a) ] would both vanish. However, a complete study of the global linear stability of the system using experimental profiles is needed. Further work is also required to determine if parallel flow plays any role in generating up-gradient particle fluxes. Both of these topics are under study and will be presented in future publications.
As noted earlier, tokamak experiments have sometimes shown evidence for an inward turbulent flux that are usually coincident with strong edge pressure gradients and E Â B shear flows found in improved confinement regimes [16] [17] [18] [19] and space plasma observations also indicate up-gradient transport processes with simultaneous density gradient and E Â B shear regions. [4] [5] [6] [7] [8] These earlier observations are reminiscent of the results reported here, suggesting similar mechanisms could be at work in both cases (although theory shows magnetic shear to be effective at quenching the linear transverse KH instability 39 ). Thus, theory that considers flow shear as an additional spatially separated free energy source that can drive particle flux in systems with weak or vanishing magnetic shear should therefore be developed and applied to these observations. This work was supported by the U.S. Department of Energy through Grant No. DE-SC0001961. The authors also acknowledge the useful discussions with R. Singh. 
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